In this Letter, we search for concentric circles with low variance in cosmic microwave background sky maps. The detection of such circles would hint at new physics beyond the current cosmological concordance model, which states that the universe is isotropic and homogeneous, and filled with Gaussian fluctuations. We first describe a set of methods designed to detect such circles, based on matched filters and χ 2 statistics, and then apply these methods to the best current publicly available data, the 7 year Wilkinson Microwave Anisotropy Probe (WMAP) temperature sky maps. We compare the observations with an ensemble of 1000 Gaussian ΛCDM simulations. Based on these tests, we conclude that the WMAP sky maps are fully compatible with the Gaussian and isotropic hypothesis as measured by low-variance ring statistics.
INTRODUCTION
One of the main accomplishments in cosmology during the last decade is the establishment of the ΛCDM inflationary concordance model. According to this model, the universe consists of 5% baryonic matter, 22% dark matter, and 73% dark energy (Jarosik et al. 2011) , and is filled with random and Gaussian fluctuations. These fluctuations were generated during a short period of exponential expansion called inflation (e.g., Liddle & Lyth 2000 , and references therein), during which the universe expanded by a factor of ∼10 26 in ∼10 −34 s. With only a handful of free parameters, this model is able to successfully fit thousands of observational data points.
Nevertheless, the ΛCDM model must at the current stage be considered an effective model rather than a fundamental model. First, it relies on several quantities that have never been directly observed except through their gravitational impact, such as both dark matter and dark energy. Second, it postulates the existence of an unknown scalar field, the inflaton. It is therefore important to put the inflationary framework to stringent tests, probing its range of validity in different ways. One approach to do so is to construct alternative cosmological theories, making different observational predictions than ΛCDM, and then compare the two models using high-precision data.
One common approach to this problem is to search for features not predicted by the isotropic and homogeneous model. A few examples extensively discussed in the literature include local non-Gaussianity, large-scale correlations, coherent spots, and hemispherical power asymmetries (e.g., Bennett et al. 2011 , and references therein). Other authors search for coherent circles of various forms in the cosmic microwave background (CMB) field, which in some theories might represent a specific signature of new physics.
A well-established form of coherent circles in the CMB field is that due to closed topologies (Cornish et al. 1998) . If the universe has a closed topology, and a radius not much greater than the horizon, we should expect to see the same CMB pattern in two different directions on the sky in the form of two matched circles. Many searches for such signatures have been performed, the most recent by Bielewicz & Banday (2011) , but so far all have resulted in negative results.
A second example of CMB rings is provided by models of pre-inflationary massive particles (Fialkov et al. 2010) . These predict the existence of concentric hot and cold rings in the CMB, as well as a bulk flow of galaxies toward their center. Kovetz et al. (2010) have analyzed the WMAP data and claim to find evidence statistically significant at the 3σ confidence level.
A third example is presented by Feeney et al. (2010) , searching for evidence of the multiverse in the form of bubble collisions leaving circular patterns in our CMB sky. Also this group compares WMAP data with simulations and claim to find hints of evidence for their model in the WMAP sky maps.
A fourth recent example is that of Gurzadyan & Penrose (2010) , who start from the cyclic cosmology presented by Penrose (2008 Penrose ( , 2009 Penrose ( , 2010 . They claim that in this picture, collisions of massive black holes would result in a set of concentric circles of low variance in the CMB field. They also claim to see tentative evidence for such features, in the form of positions with possibly anomalous variance profiles.
In this Letter, we perform a proper statistical search for such concentric low-variance circles in the WMAP temperature maps. The results are model independent and should be useful to any theorist working on models that predict such rings. We also note that a conceptually similar analysis was publicly presented by Moss et al. (2010) on the same day as the present Letter, reaching fully consistent results.
DATA AND SIMULATIONS
The main goal of this Letter is to search for coherent circles of low variance centered on a central position,p, in the CMB anisotropy field, ΔT (n), observed today. In this Letter, we therefore consider the best currently available fullsky maps of the CMB, namely the 7 year WMAP temperature sky maps. These data are provided at Lambda 5 in the form of pixelized HEALPix sky maps with a pixel resolution of 7 .
In this Letter we consider the foreground-reduced WMAP W-band (94 GHz) data, which has the highest resolution of all the WMAP bands, corresponding to an angular resolution of 13 FWHM. We apply the WMAP KQ85 sky cut to this map, removing 22% of the sky, and take into account both the galactic plane and high-latitude point sources (Gold et al. 2011) .
Next, we build an ensemble of 1000 simulations with a spectrum given by the best-fit WMAP 7 year ΛCDM model (Komatsu et al. 2011) . These realizations are convolved with the W-band beam and HEALPix pixel window, and projected onto a HEALPix N side = 512 grid. Finally, uncorrelated inhomogeneous Gaussian noise with RMS equal to σ 0 / √ N obs (p) are added to pixel p, where σ 0 is the W-band noise RMS per observation and N obs (p) is the number of observations in that pixel. The KQ85 sky cut is also applied to the simulations.
We also consider one end-to-end 7 year WMAP W-band simulation, as provided by the WMAP team. This simulation takes into account all known systematic effects, including correlated noise and correlations between radiometers, thermal drifts, sampling effects, sidelobe pickup, etc. Because only one such simulation has been made available by the WMAP team, it is not possible to make a complete comparison between the real WMAP data and an ensemble of such simulations. Fortunately, this also turns out to be unnecessary: using our main statistic, we find that the WMAP data are fully compatible with the basic CMB plus white noise model, as is the end-to-end simulation. This indicates that any possible instrumental effects are strongly subdominant to the CMB cosmic variance and instrumental white noise. Of course, this conclusion is not unexpected, given the excellent performance of the WMAP satellite (e.g., Jarosik et al. 2011 ).
METHOD
A central concept in the following search is the radial standard deviation profile,
where p denotes a fixed reference pixel on the sky, n is a variable pixel index, and θ = acos(p ·n) is the angular distance between those two positions; b denotes an angular bin, [θ b−1 , θ b ). Thus, this function measures the standard deviation of the CMB field as a function of radial distance from p, and a sharp negative spike in this function corresponds to the postulated signature of the black hole collisions. To reduce correlations between different bins, we subtract the mean from each function σ p (b) separately before further processing. We measure σ p (b) for all positions over a HEALPix N side = 32 grid, for a total of 12,288 points. Each function is evaluated from 0 to 20
• in 40 bins, corresponding to a bin size of 0.
• 5. If more than 40% of the pixels within 20
• of a given pixel p are masked out, that pixel is removed from further analysis. Finally, we also remove any pixels that are immediate neighbors to the galactic cut.
Having computed these functions for both data and simulations, the next step is to identify potential low-variance ring candidates and quantify their significance. To this end, we introduce two different statistics. First, we consider matched filters designed to highlight negative spikes in σ p (b),
Here f (b) defines a discrete filter, and we consider three different cases in this Letter, namely, for |b − b | larger than the length of the filter, f is zero. These filters correspond to (1) a negative top-hat filter of width 1, (2) a negative top-hat filter of width 2, and (3) a negative wedge filter, each sensitive to typical interesting candidates. For each case, we adopt the maximum of σ p (b) as our statistic, considering only angular distances larger than 2
• as the intrinsic estimator variance is very large on the smallest scales. We then make both sky maps and histograms of the maximum values ofσ p (b) and compare these between the observed data and the simulations.
Our second statistic is based on the standard χ 2 estimator, which is sensitive to the overall fluctuation level of σ p (b), rather than individual spikes. Specifically, we compute
for each pixel and data set, where μ b is the mean of σ p (b) computed from the simulation set and C bb is the covariance matrix. Again, we make sky maps of these values for the observed data and compare the observed data with the simulations in terms of histograms.
We finally define a test that explicitly searches for points with multiple strong low-variance rings: a consecutive set of bins is defined to form a low-variance ring if (1) the standard deviation profile drops by more than 12 μK at the beginning of the ring and then increases by more than 12 μK at the end of the ring, and (2) the total width of the ring is not more than 1.
• 5, i.e., corresponding to a width of 3 angular bins. We then locate the pixel with the highest number of such rings and plot the corresponding variance profile.
RESULTS
We now present the results obtained from the analysis outlined above as applied to the 7 year WMAP data. First, the left panel of Figure 1 shows the standard deviation profile computed from the WMAP data centered on Galactic coordinates (l, b) = (105.
• 04, 37 • ). (The mean is not subtracted in this plot.) This is the same profile as that presented in Figure 2 of Gurzadyan & Penrose (2010) and mentioned as a possible statistical anomaly. As seen here, we obtain very similar results as Gurzadyan & Penrose (2010) , and this validates the computational routines used in both analyses. The right panel shows a corresponding profile computed from a random simulation.
In the same figures, we also plot the mean of the variance profiles computed from all pixels, together with the corresponding 1σ and 2σ confidence regions. Here we note several interesting features. First, the WMAP example profile is consistently low compared with the mean, suggesting strong correlations between bins. This is typical for all profiles for both WMAP and simulations; the local variance in a CMB map depends on the scanning strategy of WMAP, and the entire profile can shift up or down depending on whether the corresponding pixel is located in the ecliptic plane (high noise) or in the ecliptic poles (low noise). Since this effect is of little interest in the search for concentric rings, we subtract the mean before further analysis to reduce bin-to-bin correlations. Next, we note that the simulated distribution is very similar to that of WMAP, having consistent mean and standard deviation. We have also checked that this distribution is consistent from simulation to simulation. Returning to the left panel of Figure 1 , the most extreme outlier in the WMAP example has a value of 77 μK at an angular distance of 12.
• 5. At the same distance the expected value is 109 ± 10 μK, and this outlier thus corresponds to a ∼3.2σ outlier. From this purely visual impression, one might therefore wonder whether this point might be anomalous compared with the standard ΛCDM model. However, as seen in the right panel of Figure 1 , we see that even the simulated data set exhibits similar outliers.
To address these issues more rigorously, we are therefore led to adopt proper statistical techniques; visual inspection is not sufficient. To this end, we employ the search algorithms described in Section 3 to identify peculiar candidates in both the data and simulations, and consider various statistics based on these results to interpret significances statistically.
In Figure 2 , we show sky maps of the third matched filter, f 3 , statistic, where each pixel indicates the maximum ofσ p (b) over b. Thus, pixels with large values in these plots indicate variance profiles with a notable negative wedge-like structure. Such maps are shown for both the WMAP data and a random simulation. At least visually, the two maps appear statistically consistent.
This statement is quantified more rigorously in Figure 3 , where we show histograms for each of the four statistics computed from the WMAP data, and compared to the mean properties of the simulated ensemble. Again, the WMAP properties appear fully consistent with the simulations.
However, the histogram statistics shown above are sensitive only to the mean properties of the CMB field. They only show that there is no evidence for a large number of concentric circles in the WMAP data, not that there cannot be a small number of highly significant cases. We therefore also consider the maximum value of each of the four statistics, which should be sensitive to single extreme cases. Figure 4 shows histograms of such maximum values, as computed from the simulated ensemble, with the corresponding WMAP value indicated by a vertical line. Again, we see that WMAP appears fully consistent with the ΛCDM simulations.
Finally, Figure 5 shows the variance profiles with the highest number of individual >12 μK rings, as defined in the last paragraph of Section 3. For WMAP we can see four such low-variance rings, while for the three simulations shown here (which were simulations 1-3 in our full simulation set), there are four, three, and four rings, respectively. Also for this test, WMAP appears fully consistent with the ΛCDM simulations.
CONCLUDING REMARKS
In this Letter, we search for concentric low-variance rings in the 7 year WMAP temperature sky maps. This work adds to an already extensive literature on non-standard CMB signatures, seeking to challenge the current cosmological concordance model, which assumes that the universe is isotropic and homogeneous, and filled with Gaussian fluctuations. Potential detections of concentric low-variance rings would suggest new physics, similar to how the presence matched circles in the CMB field might imply the reality of non-trivial topologies.
We have defined three different statistical tests suitable to locate and quantify such rings, based on matched filters, χ 2 statistics and thresholding. We then applied these methods both to the actual WMAP temperature sky map and to a simulated ensemble of 1000 realizations drawn from a standard ΛCDM power spectrum.
The results from our search are negative: as far as our current statistics are concerned, the WMAP data appear fully compatible with the ΛCDM model. Both the number and magnitude of any degree-scale low-variance rings in the WMAP data are explained in terms of cosmic variance in the WMAP data. Of course, this does not exclude the existence of other anomalous rings in the WMAP data, be that either thinner (or smaller) rings, rings of coherent temperature values or even matched circles, and so the search for anomalous features will certainly go on. However, unless a clear tentative detection of low-variance circles from real data is presented, or possibly a robust theoretical prediction based on a sound physical model, this particular form of CMB anomaly does not appear to be the most promising for further study.
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